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We  report  the  size-selective  photocatalytic  decomposition  of  organic  molecules  using  crystalline  anodic
TiO2 nanochannel  ﬁlms  as  the  photocatalyst.  The  porous  TiO2 ﬁlms  were  formed  by anodizing  titanium  at
20 V in  glycerol  electrolyte  containing  various  amounts  of  K3PO4, K2HPO4, and KH2PO4 at 433  K.  Regard-
less  of  the electrolyte  composition,  the  as-formed  TiO2 ﬁlms  had  a crystalline  anatase  structure.  The
basicity  of the  electrolyte  markedly  inﬂuenced  the  morphology  of the  TiO2 nanochannel  ﬁlms;  more
regular  nanochannels  developed  with  increasing  basicity  of the  electrolyte.  Because  the  diameter  of  the
nanochannels  in the  ﬁlms  formed  in  a basic  electrolyte  was  as small  as  ∼10 nm,  the  anodic  TiO nanochan-nodizing
iO2 nanochannel ﬁlms
ize-selective photocatalysis
hotocatalyst
2
nel  ﬁlms  with a thickness  of  5 m revealed  a selective  photocatalytic  decomposition  of  methylene  blue
(MB)  in a mixture  of  MB  and direct  red 80 (DR)  kept under  UV irradiation.  The  importance  of  the  diame-
ter  of  the  nanochannels  and  their  uniformity  for  size-selective  decomposition  of  organic  molecules  were
investigated.
© 2014  Elsevier  B.V.  All  rights  reserved.. Introduction
Selective photocatalytic reactions on semiconductor TiO2 are
hallenging because TiO2 is generally regarded as a nonselective
hotocatalyst for organic decomposition in aqueous solutions in
he presence of air. The selectivity is critical when dealing with
 mixture containing desirable as well as undesirable (toxic pol-
utants) compounds. Photocatalytic reactions on TiO2 in water
roceed by the following steps [1–4]: (i) generation of excited elec-
ron (e−)-positive hole (h+) pairs by absorption of UV light; (ii)
roduction of hydroxyl radicals (•OH) by reaction of h+ with surface
OH groups or adsorbed H2O molecules; and (iii) oxidation of sub-
trates by •OH on the TiO2 surface. Because the oxidation of organic
olecules by •OH is nonselective, the photocatalytic decomposi-
ion of organic molecules on TiO2 is also generally nonselective.
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169-4332/© 2014 Elsevier B.V. All rights reserved.Some researchers have improved the photocatalytic selectiv-
ity of TiO2 mainly by two strategies: (i) controlling the adsorption
properties by changing the crystal faces [4,5] and surface chemi-
cal groups [6], and (ii) hindering the passage of reactive molecules
to TiO2 using porous materials such as mesoporous silica [7,8] and
mesoporous titanosilicate [3]. For example, to control the adsorp-
tion properties, Bai et al. investigated the selectivity of uniform
anatase TiO2 microspheres with a high percentage of exposed
{0 0 1} facets for photocatalytic decomposition of methylene blue
(MB) and methyl orange (MO) [4]. The •OH radicals thus gener-
ated on the TiO2 surface were quite reactive. Therefore, the organic
molecules that were easy to adsorb on the surface were preferen-
tially oxidized by the •OH radicals. In this case, the degradation
rate of MB  was much faster than that of MO  because of the pre-
ferred adsorption of MB  on the {0 0 1} facets. On the other hand,
while investigating the suppression of the passage of reactive
molecules, Inumaru et al. showed that nanocomposites of P25 TiO2
nanoparticles and mesoporous silica showed molecular selective
photocatalysis by controlling the pore size [8]. The nanocomposite
catalysts with small pores (1.4–1.9 nm)  decomposed heptylphenol
(HP) faster than nonylphenols (NP), due to its diffusion rate into
the small pores, whereas catalysts with large pores (2.7–5.3 nm)
E. Tsuji et al. / Applied Surface Sc
Table  1
Composition of phosphate electrolytes used for anodizing. Total concentration of
phosphates was  0.8 mol  dm−3.
P1 P2 P3 P4 P5
K3PO4/mol dm−3 0.6 0.4 0.2 – –
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ecomposed NP and HP at similar diffusion rates. Here, we demon-
trate the size-selective decomposition of organic molecules using
ot nanocomposite ﬁlms but only TiO2 nanochannel ﬁlms formed
y anodizing titanium. In a mixture containing both small and large
rganic molecules, only the small molecules that could penetrate
he nanochannels decomposed under UV irradiation.
Recently, we reported the formation of TiO2 nanochannel
lms by anodizing titanium in hot phosphate/glycerol electrolytes
9–11]. The resultant ﬁlms showed interesting features, for exam-
le: (i) the pore size was as small as ∼10 nm leading to a high surface
rea, a preferable condition for fabricating an efﬁcient photocat-
lyst; and (ii) formation of ﬁlms at an anodizing voltage of 20 V
enerated the crystalline anatase phase without the requirement
f post- annealing. Therefore, such anodic TiO2 nanochannel ﬁlms
re of potential interest for fabricating ﬂexible dye-sensitized solar
ells (DSSCs) and electrochromic devices on plastic substrates.
However, the anodic TiO2 nanochannel ﬁlms reported previ-
usly had relatively disordered pore channels. Therefore, we report
erein that the pore morphology of the anodic TiO2 ﬁlms formed in
he hot phosphate/glycerol electrolytes was largely dependent on
he basicity of electrolytes, and the TiO2 ﬁlms with more regular
ylindrical nanochannels were formed in the highly basic elec-
rolytes. Size-selective photocatalytic decomposition was achieved
y utilizing the crystalline TiO2 regular cylindrical nanochannel
lms. To our knowledge, this is the ﬁrst example of size-selective
hotocatalysis for small organic molecules using anodic TiO2
anochannels.
. Experimental
The specimens used for anodizing comprised 99.5% pure tita-
ium sheets of 0.5 mm  thickness. Prior to anodizing, the specimens
ere electropolished in 1 mol  dm−3 NaCl/ethylene glycol solution
t 293 K at 20 V for 200 s and, subsequently, at 10 V for 600 s
12]. A titanium sheet was used as the counter electrode. The
lectropolished specimens were subsequently anodized in glyc-
rol electrolyte containing phosphates such as K3PO4, K2HPO4, and
H2PO4 at 433 K under a nitrogen atmosphere. The total concen-
ration of the phosphates was 0.8 mol  dm−3; the mixing ratios of
he three phosphates are shown in Table 1. The electrolytes P1
nd P5 show the highest and lowest basicity respectively. The con-
uctivity of all electrolytes was almost the same with each other.
he water content in the electrolyte was reduced to ∼0.03 mass%
y heating at 453 K under a dry nitrogen stream for 3 h. A plat-
num sheet was used as the counter electrode. For evaluating the
rystallinity, the effective surface area, and photocatalytic activity
or decomposition of organic molecules, ∼5 m thick ﬁlms formed
n the titanium sheets were used. For comparison of photocat-
lytic activity for decomposition of organic molecules, an anatase
iO2 nanotubular ﬁlm was also prepared as follows: the elec-
ropolished titanium specimen was anodized in 0.25 wt%  NH4F and
 vol% water/ethylene glycol electrolyte at 60 V for 45 min. Then,
he resulting ﬁlm was annealed at 723 K for 3 h in air for transfor-
ation from an amorphous to the anatase phase. Hereafter, this
iO2 ﬁlm is denoted as NT. The NT ﬁlm of ∼5 m thickness had a
anotubular structure with pore diameters as large as ∼100 nm,
nd the NT ﬁlm was formed as a randomly oriented anataseience 301 (2014) 500–507 501
crystal. The effective surface area of the NT ﬁlm was about
one fourth of that of the nanochannel ﬁlms anodized in the P3
electrolyte, as reported previously [10]. In all the experiments,
reagent-grade chemicals were used as-received; further the deion-
ized water used was obtained from a Milli-Q water puriﬁcation
system.
The crystallinity of the anodic ﬁlms was identiﬁed by X-ray
diffraction (XRD; Rigaku, RINT-2000) with –2 mode using Cu
K radiation (40 kV, 20 mA). The scan rate was  2◦/min. Further,
selected specimens were examined using transmission electron
microscopy (TEM; FEI, TECNAI F30) at 300 kV. Electron transpar-
ent sections, ∼15-nm thick, were obtained using ultramicrotomy.
The titanium sheets were too hard to cut by an ultramicrotom with
a diamond knife. Thus, the titanium thin ﬁlms sputtered on alu-
minum sheets were used as specimens for TEM observations. The
titanium ﬁlms, ∼200-nm thick, were prepared using DC  magnetron
sputtering onto electropolished aluminum specimens. The target
used for the preparation of the titanium ﬁlms was  a 99.9% pure
titanium disk. The ﬁlms were deposited with a current of 0.5 A
and voltage of 290 V under an argon pressure of 0.3 Pa; the depo-
sition time was  15 min. The resultant specimens were anodized
using the previously described conditions and examined using
the TEM. In our previous work, we reported that the crystallinity
of the resultant ﬁlms formed from the sputtered titanium thin
ﬁlms in a hot phosphate/glycerol electrolyte was almost the same
as that obtained on a titanium sheet [11]. The crystal areas and
crystal grain sizes were estimated by inverse Fourier-transformed
images simulated with the TEM images using Digital Micrograph
software (Gatan). The surface and cross-section morphologies of
the anodized specimens were observed using scanning electron
microscopy (SEM; JEOL, JSM-6500F) operated at 10 kV. In order to
estimate the pore size and effective surface area of the anodic ﬁlms,
nitrogen gas adsorption/desorption isotherms (Bel Japan, Belsorp-
max  instrument) were measured at 77 K. The distribution of pore
sizes was  analyzed using the BJH method [13], which is useful for
mesopores with sizes in the range 2–50 nm.
The photocatalytic activity for decomposition of organic
molecules was evaluated on the basis of the decomposition of MB
and direct red 80 (DR) in an aqueous solution (pH 5.85, both the
molecular formulae are shown in Fig. 1). As displayed in Fig. 1,
the molecular size of DR (MW  1373.05, 3.8 nm × 1.2 nm)  is much
larger than that of MB  (MW  319.85, 1.4 nm × 0.6 nm). The molecu-
lar sizes were calculated using ChemBio3D software (PerkinElmer
Informatics), assuming an all-trans conﬁguration. An aqueous solu-
tion containing 10 × 10−5 mol  dm−3 of each of MB  and DR was
prepared and the anodized specimens were immersed in 50 ml  of it.
The solution was  stirred for 30 min  without UV irradiation to reach
the adsorption equilibrium. Then, the TiO2 nanochannel ﬁlms were
irradiated with the UV light and 2 ml  of the mixture was  collected
every 30 min. The UV irradiation was obtained using the 365-nm
band from a 500-W high-pressure xenon lamp (WACOM, HX-504),
employing the 33U band-pass ﬁlter (ASAHI SPECTRA, UTVAF 50S-
33U). The intensity of the UV light was  60 mW cm−2, measured
using a thermopile (NEO ARK, PM-335A). The photocatalytic activ-
ity was  examined by monitoring the reduction of the absorbance at
682 nm for MB  and 508 nm for DR. The spectrophotometric mea-
surements were carried out using a UV/Vis spectrometer (JASCO
Corp., JASCO V-550).
3. Results and discussionFig. 2 shows the current transients of titanium specimens
during anodizing in the hot phosphate/glycerol electrolyte con-
taining 0.03% water at 20 V for 1 h. In all the electrolytes, the
formation voltage of 20 V was rapidly attained during the initial
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onﬁguration.
eriod of anodizing. The subsequent gradual decrease in current
n the anodic ﬁlms with time was typical for anodizing in the hot
hosphate/glycerol electrolyte [10,11,14–17], although the porous
nodic alumina ﬁlms formed in aqueous acidic electrolytes showed
 steady current density [18]. The most important feature was
hat the specimens anodized in highly basic electrolytes showed
igher anodic current densities. Thus, the growth of the ﬁlm was
aster in the highly basic electrolytes, as discussed later. In the P5
lectrolyte, which had the lowest basicity in this study, an anodic
lm with no measurable thickness was formed, as veriﬁed by the
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ig. 2. Current transients of titanium during anodizing at 20 V in (a)
.6  mol dm−3 K3PO4 + 0.2 mol  dm−3 K2HPO4 (P1), (b) 0.4 mol  dm−3 K3PO4
 0.4 mol  dm−3 K2HPO4 (P2), (c) 0.2 mol  dm−3 K3PO4 + 0.6 mol  dm−3 K2HPO4 (P3),
d) 0.4 mol dm−3 K2HPO4 + 0.4 mol dm−3 KH2PO4 (P4), and (e) 0.2 mol  dm−3 K2HPO4
 0.6 mol  dm−3 KH2PO4 (P5) glycerol electrolyte containing 0.03 mass% water at
33  K for 1 h.olecular sizes were calculated using ChemBio3D software, assuming an all-trans
cross-sectional observations in the SEM, implying that not the
porous layer but the thin barrier layer was formed on the tita-
nium surface. Therefore, we have only discussed below the ﬁlms
anodized in the P1–P4 electrolytes.
Fig. 3 shows the XRD patterns of the ﬁlms generated after
anodizing in the P1, P2, P3, and P4 electrolytes. The sharp peaks
of crystalline anatase appeared in all the XRD patterns of the as-
anodized specimens. The most intense peak was  the 0 0 4 peak
of anatase in all specimens, whereas the 1 0 1 peak for randomly
oriented anatase was  missing, as reported previously for the spec-
imen formed in the P3 electrolyte [9–11]. The grain size of the
crystal, estimated using the Scherrer’s equation for the 0 0 4 peak,
was approximately 10 nm,  regardless of the electrolyte used. This
suggested that the orientation of the crystal grains and the grain
size were not affected by the basicity of the electrolyte used for
anodizing.
Further detailed crystal characterization was carried out using
the high-resolution TEM. Fig. 4 shows the transmission electron
micrographs of the pore walls of the ultramicrotomed sections
anodized in (a), (a)′ P1 and (b), (b) ′ P3 electrolytes. In our previous
report, the crystallinity of the TiO2 ﬁlm formed by anodizing the
sputtered titanium ﬁlm in the P3 electrolyte was  almost the same
as that by anodizing a titanium sheet (the morphology of the former
one was  not exactly the same as the latter one due to the difference
of the structure and densiﬁcation between the sputtered titanium
ﬁlms and the titanium sheets) [11]. The both Fourier-transformed
images, shown in Fig. 4(a) and (b) insets, reveal that the anatase
crystal grains were formed and the {0 0 1} face of anatase is coin-
cidence with the growth direction of the anodic ﬁlm as reported
previously for the specimen formed in the P3 electrolyte [10]. This
result was consistent with those obtained from the XRD. It was evi-
dent from the micrographs that the nanocrystals (the areas marked
red and green in Fig. 4(a)′ and (b)′) were surrounded by an amor-
phous matrix in both ﬁlms. We  could see that the grain size of
the crystal was approximately 10 nm,  in agreement with the XRD
results. Using the ratios of the crystalline to amorphous regions
obtained from the several TEM images of both ﬁlms, the crystalline
areas of the ﬁlms anodized in the P1 and P3 electrolytes were
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In
te
ns
ity
 / 
ar
b.
un
it
80706050403020
2θ / degree  (Cu Kα)
(a)
(b)
(c)
(d)
A: Anatase
Ti
Ti
Ti
A
 0
04
A
 1
05
F
P
f
r
t
a
c
1
f
w
o
ﬁ
T
e
n
ﬁ
t
H
i
e
t
t
T
E
(ig. 3. X-ray diffraction patterns of ﬁlms formed by anodizing in (a) P1, (b) P2, (c)
3, and (d) P4 electrolytes. The thickness of the individual ﬁlms is 5 m.
ound to constitute 70.8% and 71.9% of the ﬁlms respectively. These
esults suggested that the crystallinity of the resultant ﬁlm was  lit-
le affected by the basicity of the hot phosphate electrolyte during
nodizing.
Fig. 5 shows scanning electron micrographs of the surfaces and
ross-sections of the TiO2 ﬁlms anodized in P1–P4 electrolytes for
 h. The images in Fig. 5(a–d) reveal that porous morphologies were
ormed on all specimens. The surface appearance became rougher
ith a decrease in the basicity of the electrolyte. The inset images
f Fig. 5(e–h) show that the thicknesses of the P1, P2, P3, and P4
lms anodized for 1 h are 12.5, 9.6, 5.6, and 3.9 m respectively.
hus, the rate of the ﬁlm growth increases with the basicity of
lectrolyte. Table 2 shows the electric charge density (C), ﬁlm thick-
ess (l), and thickness/electric charge density (l/C) of each TiO2
lm. As shown in Table 2, the electric charge density and ﬁlm
hickness increased with the increasing basicity of the electrolyte.
owever, the l/C values of P1–P4 were almost the same, imply-
ng that the difference in the basicity did not inﬂuence the growth
fﬁciency of the TiO2 nanochannel ﬁlms. This result was consis-
ent with those obtained from the XRD and TEM analyses because
he oxygen-evolution reaction occurred on crystal grains during
able 2
lectric charge density (C), ﬁlm thickness (l), and thickness/electric charge density
C/l) of the anodized in P1–P5 electrolytes for 1 h at 20 V.
P1 P2 P3 P4 P5
Electric charge density(C)
(kC m−2)
1405 1209 672 510 197
Film  thickness (l) (m) 12.5 9.6 5.6 3.9 –
l/C  (10−12 m3 C−1) 8.9 7.9 8.4 7.6 –ience 301 (2014) 500–507 503
anodizing [19,20]. Therefore, the largest electric charge density of
P1 suggested that a high basicity of the electrolyte accelerated the
rate of formation of the ﬁlm during anodizing. In order to evalu-
ate anodizing in an electrolyte containing NH4F, Feng et al. studied
the inﬂuence of electrolyte pH on the rate of formation of the TiO2
nanotubular ﬁlms [21]. They reported that the formation rate of the
nanotube is rapid in the basic condition compared with acidic con-
ditions. However, in their case, the current density during anodizing
did not change with the basicity of the electrolyte. This is because
the rate of chemical dissolution, which is not redox reaction, at the
mouth in basic condition was  later than that in acidic condition,
leading to a higher rate of formation of the anodic nanotubes in
basic condition.
On the other hand, the behavior is different in the present case.
The current density during anodizing increased with increasing
basicity, implying that the high basicity accelerated the forma-
tion of the ﬁlm at the metal/ﬁlm interface. It is known that during
the formation of porous anodic oxides, the formation of the ﬁlm
proceeded at the metal/ﬁlm interface by the inward migration of
O2− ions in the barrier layer under a high electric ﬁeld; the bar-
rier layer is sandwiched between the porous layer and the metal
substrate. For the formation of the porous layer, it has been sug-
gested that the ﬁlm material does not form at the pore base. Rather,
ﬁeld-assisted dissolution, instead of ﬁlm formation, occurs at the
pore base, resulting in a steady-state thickness of the barrier layer.
Another model has been proposed for the ﬂow of ﬁlm material from
the pore base to the pore wall during the growth of the porous
anodic amorphous alumina ﬁlms [22]. However, this appears to
be less likely with the TiO2 nanochannel ﬁlms because the stress-
induced ﬂow may  occur in the growing amorphous oxide and the
crystalline anatase phase present in the anodic ﬁlm may hinder the
ﬂow of the ﬁlm material.
During anodizing of niobium in similar hot phosphate/glycerol
electrolyte, it was  suggested that the growth of the anodic ﬁlm
was controlled by the diffusional transport of matter, probably in
developing cylindrical pores [15]. Assuming that the growth of the
anodic ﬁlms on titanium in the present study is also diffusion-
controlled, the concentration of diffusing species, probably water
or OH− species, would be increased in the electrolytes with higher
basicity. The detailed study is now in progress and will be reported
separately.
Interestingly, the porous morphology was strongly affected by
the basicity of the phosphate electrolytes. From Fig. 5(e–h), it
is evident that ﬁlms with more regular cylindrical nanochannels
developed on increasing the basicity of the electrolytes. Previously,
Ono et al. have studied the formation of self-ordered anodic porous
alumina ﬁlms in organic acid electrolytes such as malonic and tar-
taric acids [23]. They reported that a high current density during
anodizing induced a highly ordered cell arrangement of porous
alumina ﬁlms. When the current density is high, a rapid oxide
growth induces a compressive force on the barrier layer between
each cell boundary. Therefore, the bottommost cells at the bar-
rier layer are pressed against each other under a high current
density, leading to a self-ordering behavior that proceeds simul-
taneously with the growth of the porous anodic alumina ﬁlms. In
the present work, anodizing in highly basic electrolytes led to a
higher current density in the ﬁlms, suggesting that such a high
current density had induced the development of more regular
nanochannels.
Because the pore size was  not clearly identiﬁed using the SEM,
the pore size distribution was examined using nitrogen gas adsorp-
tion/desorption isotherms. The thickness of each ﬁlm was 5 m.
Fig. 6 shows the distribution of pore sizes of the ﬁlms formed in
the P1, P3, and P4 electrolytes obtained from nitrogen adsorption
isotherms. In this ﬁgure, Vp and dp denote the pore volume and
pore diameter respectively. The peak pore diameters of P1, P3, and
504 E. Tsuji et al. / Applied Surface Science 301 (2014) 500–507
Fig. 4. Transmission electron micrographs of ultramicrotomed sections of ﬁlms anodized in (a), (a)′ P1 and (b),(b)′ P3 electrolytes. The insets of (a) and (b) are the Fourier-
transformed images simulated with the images (a) and (b) using Digital Micrograph software (Gatan). White arrows show the growth direction of the anodic ﬁlms. Areas
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Barked with (a)′ red and (b)′ green show crystalline nanograins of (a) and (b). (For
eb  version of the article.)
4 show basicity-dependence, i.e., lower basicity induced a larger
istribution of pore diameters. This result was consistent with the
bservation that the ordered porous ﬁlm was obtained in highly
asic conditions (Fig. 5(e–h)). Ono et al. had reported that when
elf-ordering of the cell arrangement proceeded for anodic oxide
orous ﬁlms, the cells became smaller, although the applied volt-
ge remained constant [23,24]. Table 3 shows the BET roughness
actors of the P1, P3, and P4 specimens calculated using Fig. 6. It
s evident that the BET roughness factors of P1 and P3 are smaller
able 3
ET roughness factor of ﬁlms anodized in P1, P3, and P4 electrolytes. The thickness
f  the individual ﬁlms is 5 m.
P1 P3 P4
Roughness factor 618 650 437
ET roughness factor of the NT ﬁlms: 174 [10].retation of the color information in this ﬁgure legend, the reader is referred to the
than that of P4 because of the smaller distribution in the pore sizes
of P1 and P3 compared to that of P4.
Because the anatase nanochannel ﬁlms anodized in the most
basic electrolyte had a small diameter as ∼10 nm and sharp pore
distribution, the ﬁlms were used in the size-selective photocatalytic
decomposition of organic molecules. Fig. 7 shows the UV–vis spec-
tra of a mixture of MB  and DR under UV irradiation for 120 min
on (a) the highly ordered P1 ﬁlm and (b) the NT ﬁlm. In both the
ﬁlms, the two  main peaks at 682 and 508 nm were attributed to
the MB  and DR molecules respectively. Moreover, a decrease in
the intensity of the MB  peak was more rapid than that of the DR
peak when the P1 ﬁlm was  used as a photocatalyst. Conversely, the
intensity of both the peaks of MB  and DR decreased at a similar rate
when the NT ﬁlm was  used. The insets in Fig. 7 show a comparison
of the photocatalytic decomposition rates of MB  (max = 682 nm)
and DR (max = 508 nm)  with the P1 and NT ﬁlms. Assuming
ﬁrst-order decomposition kinetics [25,26], ln(C/C0) is plotted as a
function of photo-irradiation time, t. In the case of the NT ﬁlm, the
decomposition of MB  and DR decreased with the UV-irradiation
E. Tsuji et al. / Applied Surface Science 301 (2014) 500–507 505
F f ﬁlms
o
t
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nig. 5. Scanning electron micrographs of the surfaces and fractured cross-sections o
f  (e)–(h) are low magniﬁcation images of cross sections.
ime, suggesting that both molecules could be decomposed on
iO2 ﬁlms. This result was consistent with the previously pub-
ished reports, i.e., in general, TiO2 could decompose both organic
olecules (MB  and DR) [25–27]. On other hand, in the case of P1
anochannel ﬁlms, the rate of decomposition of DR was relatively anodized in (a),(e) P1; (b),(f) P2; (c),(g) P3; and (d),(h) P4 electrolytes for 1 h. Insets
slow while that of MB  was  comparatively faster on the NT ﬁlm
because of the higher surface area. In the previous report, Ray et al.
reported size-selective separation of proteins with different size
such as Cytochrome C (12 kDa), Bovine Serum Albumin (69 kDa)
and  ˇ galactosidase (116 kDa) using anodic TiO2 nanochannel
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rolytes with 5 m thick anodic ﬁlms. Distributions were obtained from nitrogen
dsorption isotherms at 77 K.
embrane [28]. On the other hand, in the present study, the
nodic TiO2 nanochannels could select much smaller molecules
uch as MB and DR than the proteins by precise control of the pore
tructures.
In most cases, photo-generated holes on TiO2 reacted with
ither the surface OH groups or H2O molecules and generate
ctive hydroxyl radicals, which are usually nonselective oxidants of
rganic molecules. However, in the case of mesoporous TiO2 with
ore sizes in the range 3–7 nm,  Shiraishi et al. reported that the
iffusion distance of the hydroxyl radicals formed inside the pores
as 1.3–2.4 nm [29]. Therefore, hydroxyl radicals formed inside the
ore were deactivated rapidly and, thus, scarcely diffused out of the
ig. 7. Time-dependent UV–vis spectra of methylene blue (MB) and direct red 80 (DR) mi
ight-hand-sides show scanning electron micrographs of P1 and NT ﬁlms. The left-hand-si
ink  dots).ience 301 (2014) 500–507
pores, suggesting that almost all organic molecules were decom-
posed on the inside wall of the TiO2 nanochannel ﬁlms. Of course,
few molecules reacted at the surface of the P1 ﬁlm, but this may
be ignored because of the high BET surface roughness of the P1
ﬁlm. There are two possibilities that induce photocatalytic selec-
tivity: (i) differences in the adsorption properties between the P1
and NT ﬁlms and (ii) differences in the hindrance of the passage of
reactive molecules owing to the difference in pore diameters. Bai
et al. reported that the adsorption ratio of MB  on TiO2 increased
with an increase of the number of exposed {0 0 1} facets [4,5]. The
Ti-O-Ti bond angles on the exposed {0 0 1} facets were very large
and the 2p states on the surface oxygen atoms were destabilized,
leading to a facile fabrication of Ti-O− species. Therefore, an ion-
ization atom S+ in MB  was preferentially adsorbed on the reactive
Ti-O− [5]. On the other hand, in our case, the anatase phase with
the {0 0 1} preferred orientation to the direction of ﬁlm growth was
developed by anodizing in the P1 electrolyte, suggesting that the
inside walls of regular nanochannels of the P1 ﬁlm had less exposed
{0 0 1} facets than those of the NT ﬁlm. This implied that the MB
molecules containing ionization atoms S+ were sparsely adsorbed
on the P1 ﬁlm compared with the DR molecules containing ioniza-
tion groups SO3− on the NT ﬁlm, indicating that the decomposition
rate of MB  must have been slower than that of DR. However, this
hypothesis was  inconsistent with the result shown in Fig. 7. On the
other hand, the molecular size of DR (3.8 nm × 1.2 nm)  was larger
than that of MB  (1.4 nm × 0.6 nm)  (see Fig. 1). The pore size of the
P1 ﬁlm (∼10 nm)  was  only 2–3 times as large as the molecular size
of DR, thereby leading to a decrease in the diffusion rate of DR into
the pores of the P1 ﬁlm compared with that into the pores of the NT
ﬁlm (∼100 nm). Therefore, the DR molecules hardly diffused into
the nanochannel P1 ﬁlm while the MB  molecules readily diffused
into it. On the other hand, in the case of the NT ﬁlms, the pore
diameter was  much larger than the molecular sizes of MB  and DR.
In fact, the P1 ﬁlms hardly showed the presence of DR molecules
in their pores after sintering in 10 × 10−5 mol  dm−3 DR aqueous
solution for 30 min  in the dark, whereas the NT ﬁlms showed the
presence of many DR molecules in their pores (Supplementary data,
Fig. S1(b),(e)). In addition, it is well known that the surface charge
of TiO2 was  strongly dependent on pH of the solution [30,31]. How-
ever, the amounts of DR molecules in P1 and NT  pores didn’t change
xture during UV irradiation on (a) P1 ﬁlm, and (b) NT ﬁlm for 120 min. Insets on the
de insets show kinetic data for MB  (max = 682 nm,  blue dots) and DR (max = 508 nm,
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n wide range of pH, suggesting that the amounts of DR molecules
as not strongly affected by the surface charge of inside pores but
y the pore sizes of the P1 and NT ﬁlms (Supplementary data, Fig.
1). Therefore, the P1 ﬁlm showed “photodecomposition selectiv-
ty” for these organic molecules because of the suppressed diffusion
f DR molecules into the pores.
. Conclusions
Crystalline anatase TiO2 nanochannel ﬁlms are formed by
nodizing titanium in various basic electrolytes containing phos-
hates. The crystallinity of the anodic ﬁlms was not affected by
he basicity of the electrolytes. On the other hand, the growth
ate of the ﬁlms increased with an increase in the basicity of
he electrolyte. In addition, as the growth rate increased, leading
o highly ordered nanochannel structures. In addition, the highly
rdered TiO2 nanochannel ﬁlm showed selectivity in the photode-
omposition of organic molecules. In general, TiO2 shows high
hoto-oxidized activity for water and organic molecules, thereby
eading to low photo-oxidized selectivity. The present work has
iscovered a new photochemical property of anodized TiO2 ﬁlms
y accurate control of the porous structures. We  believe that highly
rdered nanochannel structures can have various practical appli-
ations in the ﬁelds of biosensors and artiﬁcial photosynthesis.
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